The free energy of formation of bonaccordite ( O ) as a function of temperature has been calculated using a technique that combines first principles calculations with experimental free energies of formation of aqueous species. The results suggest that bonaccordite formation from aqueous metal ions ( 2
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 (M, T -transition metals). It has only been found in nature in the Bon Accord region of South Africa [1] , and it is inadvertently produced in the cores of highduty pressurized light-water nuclear reactors (PWRs) [2] . Bonaccordite has been synthesized by annealing NiO, Fe 2 O 3 and boric acid at 1050 o C followed by slow cooling [3] , and by hydrothermal synthesis starting at temperatures above 350 °C [4] .
High-duty PWRs may experience a CRUD Induced Power Shift (CIPS) [5, 6] caused by boron build-up within porous metal oxides that deposit on the fuel cladding in the highest temperature core region. These deposits are referred to as CRUD, an acronym for Chalk River Unidentified Deposits, after the facility at which they were first observed. The deposited boron reduces neutron flux by absorbing neutrons followed by transmutation to lithium. The reduction in thermal neutron flux makes it difficult to achieve high fuel burn-up.
Despite the correlation between bonaccordite in CRUD and plants experiencing CIPS [2, 7] , consideration of bonaccordite is missing from CRUD deposition models [5, 6, 8, 9] . This is partly due to the lack of experimental thermochemical data for forming this mineral. In addition, hydrothermal synthesis experiments [4] have only shown bonaccordite formation at temperatures above 350 °C, which is higher than PWR coolant temperatures (~315-320 °C). Hence, bonaccordite formation in bulk coolant is unlikely under normal operating conditions. Based on recent CRUD chemistry models (CCMs) [5, 6] , however, conditions at the bottom of thick CRUD may be extreme enough for bonaccordite precipitation. According to the CCM model [6] the temperature at the CRUD-clad interface increases with CRUD thickness, reaching 387 °C at the bottom of a 60 μm th ck d pos t at the beginning of the fuel cycle. Likewise, the pH at the CRUDclad interface is generally higher than in the coolant and its value increases from ~7.6 to ~8.4 during the operating fuel cycle for 60 μm th ck CRUD.
In this paper we calculate the Gibbs free energies of several reactions that can lead to bonaccordite precipitation under calculated conditions present at the CRUD-clad interface in thick CRUD. Because the CCM predicts CRUD regions in contact with the clad to be significantly oxidizing [6] , both aqueous Fe 2+ and Fe 3+ are considered as iron sources for bonaccordite formation.
The Gibbs free energy change for a reaction indicates whether the reaction proceeds spontaneously. To evaluate the possibility of bonaccordite formation in deep CRUD, the following reactions are considered: 
Gibbs energies of formation, 

are calculated using the DFT-based approach described in [10] (the values used in the present study are listed in the Appendix of [10] ).
The standard chemical potentials of dissolved boric acid, hydroxyl ion, and water are expressed using the reactions [10] and the Gibbs free energies of formation taken from the SUPCRT database.
The chemical potential of solid bonaccordite is obtained from DFT total energy calculations using PAW pseudopotentials [14] and the generalized gradient approximation (GGA) [15] as implemented in VASP [16] [17] [18] [19] . Because of the localized nature of Fe and Ni d-states, orbital-dependent Coulomb interactions were added to the Hamiltonian through the DFT+U method in a rotationally-invariant formulation [20] . Values of ( ) 4.5 eff U Fe  ( ) 6.0 eff U Ni  eV were used because they reproduce well the experimental free energies of formation of NiO and NiFe 2 O 4 [10] . The chemical potential of solid bonaccordite is considered to be independent of temperature.
To calculate Gibbs free energies associated with reactions (1)-(4), the concentrations of dissolved species in solution are needed. To be consistent with conditions that could be present at the bottom of thick CRUD, we use concentrations predicted by the CCM model described in [6] . As the coolant chemistry changes throughout the operation cycle, we calculate the Gibbs free energies of bonaccordite formation using concentrations from the beginning and end of the cycle (Table I) .
Because of lack of information regarding the evolution of 
The calculated 3 Fe  concentrations at 325 °C are listed in Table I . Table I , the free energies of bonaccordite formation are calculated as a function of temperature and plotted in Fig. 1 . The free energies decrease with temperature suggesting that bonaccordite precipitation is favorable at higher temperatures, as observed experimentally. There is also a small decrease in formation energies toward the end of the fuel cycle (dashed line in Fig. 1 ). This drop is more noticeable for reactions (3) and (4), and is due to the pH increase at the CRUD-clad interface during the fuel cycle. For reactions (1) and (2) An important result of the present study, as illustrated in Fig. 1 , is that at temperatures higher than 300 °C the change in Gibbs free energy associated with reaction (4) becomes negative, predicting thermodynamically stable bonaccordite. Even assuming a relatively large uncertainty in the calculations (e.g. choice of Hubbard U, cation disorder and magnetic ordering in bonaccordite, solute concentrations predicted by CCM), the trend in the calculated formation energies suggests that at higher temperature (>350 °C) bonaccordite would be thermodynamically stable. This agrees with the experimental findings of Sawicki [2, 4] that high temperature and thick CRUD are needed for bonaccordite formation in PWRs.
For comparison, the free energies are also calculated using concentrations that are typically measured in the bulk coolant of nuclear plants. These values are listed in Table I and the calculated free energies versus temperature are plotted in Fig. 2 This study makes the first prediction of the Gibbs standard free energy of formation of bonaccordite and examines the thermodynamics of possible pathways to its formation in PWR environments. The results suggest that bonaccordite formation from aqueous metal ions and boric acid is thermodynamically favorable at conditions predicted to exist at the CRUD-clad interface in deposits thicker than 60μm. The results of this study offer key data that are missing in current CRUD deposition models and should be incorporated in future engineering scale simulations. Gibbs free energies of formation of bonaccordite as a function of temperature, using concentrations that are typically measured in nuclear plants.
